Ovarian cancer (OC) ascites is an inflammatory and immunosuppressive tumor environment characterized by the presence of various cytokines, chemokines and growth factors. The presence of high concentrations of these cytokines/chemokines in ascites is associated with a more aggressive tumor phenotype. IL-10 is an immunosuppressive cytokine for which high expression has been associated with poor prognosis in some cancers. However, its role on OC tumor cells has not been explored. Therefore, the aim of the current study was to elucidate the role of ascites IL-10 on the proliferation, migration and survival of OC cell lines. Here, we show that IL-10 levels are markedly increased in patients with advanced serous OC ascites relative to serous stage I/II ascites and peritoneal effusions from women with benign conditions. Ascites and IL-10 dose-dependently enhanced the proliferation and migration of OC cell lines CaOV3 and OVCAR3 but had no effect on cell survival. IL-10 levels in ascites positively correlated with the ability of ascites to promote cell migration but not proliferation. Depletion of IL-10 from ascites markedly inhibited ascites-induced OC cell migration but was not crucial for ascites-mediated cell proliferation. Taken together, our findings establish an important role for IL-10, as a component of ascites, in the migration of tumor cells.
Introduction
Ovarian cancer (OC) is the second most frequent gynecological cancer and has a poor prognosis because progression is often asymptomatic. Consequently, OC is often detected at advanced stages (III/IV) with widespread intraperitoneal metastasis and large amount of ascites [1, 2] . OC dissemination results from a sequential process in which tumor cells shed from the primary tumor into ascites throughout the peritoneal cavity [1, 2] . Malignant ascites greatly facilitates this process and its presence at diagnostic correlates with peritoneal spread of the tumor and with a decreased 5-year survival rate [3] [4] [5] . A variety of cytokines, chemokines and growth factors are present in OC ascites [6] [7] [8] . There is growing evidence that cytokines/chemokines within ascites contributes to tumor progression by creating a proliferative, migrating and prosurvival environment [9] [10] [11] [12] . Indeed, OC ascites have been shown to enhance OC tumor cell proliferation, migration and survival [13] [14] [15] [16] [17] .
Cytokines and chemokines, as part of the tumor environment, are important components of cancer-related inflammation and immunity, which may play a pivotal role in tumor progression and metastasis. IL-10, a potent immunosuppressive cytokine which is frequently overexpressed in tumors, plays an important role in protecting cancer cells from immune-mediated destruction [18] . IL-10 is secreted by a wide variety of cell types including macrophages, T cell subsets and cancer cells [19] [20] [21] [22] [23] [24] [25] [26] . Multiple studies have found a positive correlation between IL-10 levels (both in serum and within the tumor) and poor prognosis for the patient in different cancers, including melanoma [27] [28] [29] [30] , lung cancer [24] and T/ NK-cell lymphomas [31] . IL-10 has pleiotropic effects which vary greatly depending on both the experimental context and the cell types under investigation.
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High levels of IL-10 are found in the serum and ascites of OC patients [6, 8, [32] [33] [34] . Furthermore, IL-10 consistently correlate with advanced disease and poor patient prognosis in OC [32, [34] [35] [36] . Ascites-associated IL-10 contribute to decrease dendritic cell activation and reduced T-cell stimulatory activity [37] . IL-10 was recently shown to increase programmed cell death-1 (PD-1) surface expression on dendritic cells creating an immune escape loop [38] . Furthermore, a combination of PD-1 blockade and disruption of IL-10/IL-10R signaling enhanced endogenous anti-tumor immunity, resulting in improved survival and reduced tumor burden in a mouse model [38] . However, the exact roles IL-10 plays in ascites and whether it contribute to tumorigenesis by directly affecting tumor cells is unclear.
In this study, we aim to investigate the contribution of the tumor environment to the proliferation, migration and survival of OC cells. We demonstrate that high levels of IL-10 are present in stage III/IV serous OC ascites and that IL-10 is an important component of ascites for the ascites-mediated migration of OC cells.
Material and Methods

Patients
Ascites is routinely obtained at the time of the debulking surgery of ovarian cancer patients treated at the Centre Hospitalier Universitaire de Sherbrooke. After collection, cell-free ascites are stored at −80°C in our tumor bank until use. The study population consisted of 57 women with newly diagnosed epithelial serous ovarian cancer admitted at the Centre Hospitalier Universitaire de Sherbrooke (CHUS). Ten cases with benign conditions, namely histologically benign gynecological conditions including fibromas, endometriosis, mucinous and serous cystadenomas constituted the control group. This study was approved by the Institutional Review Board of the Centre de Recherche of CHUS. Informed consent was obtained from women that underwent surgery by the gynecologic oncology service between 2000 and 2017. All samples were reviewed by an experienced pathologist. Baseline characteristics and serum CA125 levels were collected for all patients. All patients had follow up ≥12 months. FIGO staging criteria defines stage I/II OC has a disease limited to ovaries or fallopian tubes with or without extension to the pelvic cavity. Stage III/IV disease involves spreading outside the pelvic cavity into the peritoneal cavity or at distant sites outside the peritoneal cavity. Disease progression was defined by either serum CA125 ≥ 2 X nadir value on two occasions, documentation of lesion progression or appearance of new lesions on CT-scan or death. Patient's conditions were staged according to the criteria of the International Federation of Gynecology and Obstetrics (FIGO). PFS was defined by the time from the initial surgery to evidence of disease progression. Overall survival was defined by the time from the initial surgery to death (any cause).
Cell Culture and Reagents
The human OC cell lines CaOV3 and OVCAR3 were obtained from the American Type Culture Collection (Manassas, VA) and maintained in a humidified 5% CO 2 
Migration Assay
Cells (5 × 10 3 ) were suspended in 500 μl FBS and hormonefree DMEM/F12 and were seeded in the top chamber of monolayer-coated polyethylene terephthalate membranes cell culture inserts (24-wells insert, 8 μm pore size). The bottom chamber contained 0.75 ml DMEM/F12 supplemented with 10% foetal bovine serum, 10% ascites, or IL-10 at concentrations ranging from 0 to 25 ng/ml depending on the experiments. The cells were incubated for 16-20 h, and cells that remained in the upper chamber were removed by scraping with a cotton swab. Cells that migrated through the membrane were fixed with ice cold methanol for 10 min and stained with a 0.5% crystal violet, 20% (v/v) hematoxylin solution in ethanol for 15 min. After several washes in PBS, membranes were allowed to dry before being mounted on a glass slide. Ten random fields were counted at × 100 magnification.
Cytoxicity Assays
Cell viability was determined by the XTT assay. Briefly, cells were plated at 20,000 cells/well in 96-well plates. The next day, cells (confluence 60-70%) were treated with increasing of cisplatin and a fixed concentration of IL-10, as indicated, and cells incubated for 48 h. At the termination of the experiment, the culture media was removed and a mixture of PBS and fresh media (without phenol red) containing phenazine methosulfate and XTT (Sigma) was added for 30 min. The absorbance of each well was determined using a microplate reader at 450 nm (TecanSunrise, Research Triangle Pack, NC). The percentage of cell survival was defined as the relative absorbance of treated versus untreated cells. All assays were performed in triplicate and repeated three times. Similar experiments were performed with increasing concentrations of human recombinant TRAIL, instead of cisplatin.
Cell Proliferation Assays
The effect of IL-10 on cell growth was determined by XTT assay. Cells were suspended in complete medium and plated into 96-well plates at a density of 1 × 10 4 cells/well. Cells were cultured for various times in complete medium before adding XTT reagents. After incubation for 1 h at room temperature, the absorbance of each well was determined using a microplate reader at 450 nm. All assays were performed in triplicate and repeated three times. The effect of ascites on cell proliferation was determined by trypan blue exclusion. Cells were suspended in complete medium containing 10% v/v ascites and plated into 96-well plates at a density of 1 × 10 4 cells/well. Forty eight hours later, cells were suspended and suspensions were counted in a hemacytometer to determine the total number of cells. The number of viable cells in suspensions was determined by counting all dye-excluding cells in a hemacytometer. Assays were performed in triplicate and two hemacytometer counts were performed per replicate.
ELISA Measurements
IL-10 levels in peritoneal fluid samples were determined by ELISA using the commercially available human Quantikine kits from R&D Systems (Minneapolis, MN). The assays were performed in duplicate according to the manufacturer's protocols. For IL-10, the detection threshold was 1.1 pg/ml, the intra-assay variability was 3.2-3.7% and the inter-assay variability was 3.5%. All samples were analyzed in triplicates and the median values were used for statistical analysis.
Statistical Analysis
Statistical comparisons between two groups were performed using the Mann-Whitney or Student's t-test. The correlation between IL-10 and ascites-mediated proliferation and migration was determined by the Pearson's correlation test. Statistical differences in PFS or overall survival were determined by the log-rank test, and Kaplan-Meier survival curves were made. Statistical significance was indicated by P < 0.05.
Results
IL-10 Levels Are Higher in Ascites from Patients with Advanced Serous OC
We initially evaluated IL-10 levels in serous stage I/II and III/ IV OC ascites and in peritoneal fluids from patients with benign diseases (mostly fibroma). IL-10 levels did not significantly differ among benign peritoneal fluids and stage I/II serous OC ascites (median 10 pg/ml vs 0.14 pg/ml; P = 0.924; Fig. 1a) . However, IL-10 levels were significantly higher in stage III/IV serous OC ascites (median 46.6 pg/ml) compared to benign fluids and stage I/II serous ascites (P = 0.0002). Although there was a trend toward shorter progression-free survival and overall survival, high IL-10 levels in serous OC ascites were not significantly associated with shorter progression-free survival (median 12 months vs 17 months for low IL-10 levels; P = 0.120 by log rank test; Fig. 1b ) or decreased overall survival (median 32 months vs 42 months for low IL-10 levels; P = 0.177 by log rank test; Fig. 1c ).
IL-10 Promotes OC Cell Proliferation and Migration but Not Drug Resistance
We first examined the effects of IL-10 on the OC cells migration using CaOV3 and OVCAR3 cell lines, two commonly used OC cell line models. Cells were exposed to increasing concentrations (0 to 25 ng/ml) of IL-10 and migration was determined using Transwell Boyden chambers. The range of IL-10 concentrations selected were within the range of those found in stage III/IV serous OC ascites (Fig. 1a) . IL-10 significantly stimulated the migration of CaOV3 and OVCAR3 cell lines in a dose-dependent manner (Fig. 2a) . Unlike CaOV3 cells, OVCAR3 cells are non-invasive in Boyden chambers and non-motile on plastic [39] . In line with the low motility potential of OVCAR3 cells, the magnitude of ascites-mediated migration was lower in these cells relative to CaOV3. Nonetheless, we observed a dose-dependent effect of IL-10 on OVCAR3 cell migration (Fig. 2a) . To determine whether IL-10 promotes OC cell growth, we evaluated the effect of increasing concentrations of IL-10 on CaOV3 and OVCAR3 cell proliferation. At lower IL-10 concentrations (10 to 100 pg/ml), we observed a significant increased cell proliferation in OC cell lines (Fig. 2b) . However, this effect was lost with higher IL-10 concentration. Because ascites has been shown to inhibit drug and death-receptor ligand-induced apoptosis in OC cells [13] [14] [15] , we determined whether IL-10 could inhibit cisplatin-induced cell death. Cisplatin or its derivatives are commonly used for first-line treatment of OC. As shown in Fig. 2c , IL-10 (10 ng/ml) did not significantly protect against cisplatin-induced cell death. This was consistent for both CaOV3 and OVCAR3 cell lines. Concentrations of IL-10 up to 3000 pg/ml (range 10 to 3000 pg/ml) led to similar results (Supplementary data, Figure 1 ). Furthermore, IL-10 (50 to 3000 pg/ml) failed to inhibit death receptor ligand TRAIL-induced cell death (Supplementary data, Figure 2 ).
Ascites Promote OC Cell Proliferation and Migration
We examined the effect of serous OC ascites on the migration of CaOV3 and OVCAR3 cell lines. CaOV3 cells were exposed to different ascites (10% v/v) obtained from patients with advanced serous OC and migration was determined using Boyden Transwell chambers. The concentration of ascites used in this study was based on previous studies demonstrating a biological effect of ascites on OC cells at this concentration [17, 40] . Although the magnitude of the effect on cell migration was variable, 5 out of 6 OC ascites samples significantly enhanced migration of CaOV3 cells (Fig. 3a) . Migration was also enhanced by serous OC ascites when tested with OVCAR3 cells (Fig. 3a) . To determine the effect of serous ascites on proliferation rates, we tested their ability to alter the growth potential of CaOV3 and OVCAR3 cells. Cells were incubated for 48 h in serum-free media (control) or supplemented with 10% of the indicated ascites and cell growth was quantified by Trypan Blue exclusion assay. The highest growth rates were observed with OVC405 ascites, whereas the remaining ascites conferred significant, but variable growth rates (Fig. 3b) .
Ascites-Induced Cell Migration Positively Correlates with the IL-10 Levels of OC-Associated Ascites
We assessed whether ascites IL-10 levels correlated with the observed migrating effect of ascites (Table 1) . We found a positive correlation between the levels of IL-10 and the migrating effect of serous ascites (Fig. 4a) . In contrast, levels of IL-10 in ascites did not significantly correlated with the proliferative effect of ascites (Fig. 4b) .
IL-10 Is a Component of Ascites Responsible for the Stimulation of Cell Migration
Given the data above showing the presence of high IL-10 levels in stage III/IV serous ascites and levels positively correlating with ascites-induced migration, we assess the role of ascites IL-10 in cell migration activity. To this end, OVC439 and OVC469 ascites were incubated with a neutralizing antibody against IL-10 for 24 h and then we determined their abilities to stimulate the migration of CaOV3 and OVCAR3 cells. As shown in Fig. 5a , the ascites-induced migration of OC cells was significantly inhibited by the pre-incubation of ascites with the IL-10-blocking antibody. Although significant (P < 0.001), the IL-10-blocking antibody only achieved a partial (40 to 57%) inhibition of ascites-induced migration suggesting the possible contribution of other factors in this process. Nonetheless, our data suggest that IL-10 is an important factor in ascites that promotes the migration of OC cells. In contrast to these results, IL-10 neutralizing antibody had no effect on ascites-induced cell proliferation on CaOV3 and OVCAR3 cells (Supplementary data, Figure 3 ).
Discussion
Ovarian cancer is a highly metastatic disease characterized by widespread intraperitoneal dissemination and higher levels in ascites obtained from women with advanced serous OC compared to women with stage I/II serous OC or benign gynecological conditions. This is consistent with previous data showing high levels of IL-10 in ovarian cancer patients [6, 8, [32] [33] [34] . Although, in our study, women with high ascites levels of IL-10 generally had a worse outcome compared to women with low IL-10, the difference did not reach statistical significance. This contrast with previous reports showing an association between IL-10 levels and a worse outcome [35, 36] . The main difference between our study and previous studies is that we included only patients with serous OC. The inclusion of other subtypes such as mucinous OC could have yield to different results as ascites from patients with mucinous subtype OC have about 2-fold higher ascites IL-10 levels relative to serous OC (Matte, unpublished data). Furthermore, the lack of significant association between ascites IL-10 levels and poor survival is perhaps not surprising given the complex nature of OC ascites. The overall outcome is most likely the results of the combined effect of each individual factor affecting tumor cell behavior. Although the effects of OC ascites on tumor cells growth rates, migration and survival result from the combined effect of different factors, it is important to understand how each component of ascites may affect the biological characteristics of OC cells. OC ascites have been previously shown to stimulate cell growth, to enhance cell migration and to decrease drug-induced apoptosis [13] [14] [15] [16] [17] . Consistent with these data, we observed that serous OC ascites stimulated tumor cell proliferation and migration. These ascites-mediated effects were lost when samples were heated (data not shown) suggesting that the effects are due to protein rather than other types of soluble factors. We observed that addition of recombinant IL-10 had, at best, a modest stimulatory effect on cell growth rates of OC cell lines. Recombinant IL-10 stimulating effect on cell growth was completely abrogated by the addition of anti-IL-10 blocking antibody (data not shown). The limited effect of recombinant IL-10 on OC cell proliferation is in line with previous data showing little or no effect of secreted IL-10 on OC cell line growth kinetics [42] . Depletion of ascites IL-10 using a neutralizing anti-IL-10 antibody had no effect on ascites-mediated tumor cell proliferation suggesting that IL-10 is not one of the soluble factor in ascites responsible for the stimulated cell growth. This is perhaps not surprising given the modest effect of recombinant IL-10 on OC cell proliferation and the fact that other ascites factors such as Hepatocyte Growth Factor (HGF), IL-6 and lysophosphatidic acid (LPA) have been shown to stimulate OC cell proliferation [43] [44] [45] . Therefore, the blockade of ascites IL-10 is likely overcomed by the presence of other growth-enhancing factors in ascites. In addition, as both IL-6 and IL-10 activate STAT3 signaling, which is involved in cell proliferation, the blockade of IL-10 signaling in the presence of IL-6 will still lead to STAT3 activation and cell proliferation.
The present study suggests the importance of IL-10 in ascites-mediated cell migration. Firstly, we showed that recombinant IL-10 significantly enhanced OC cell migration. Secondly, we found a positive correlation between the levels of IL-10 in ascites and their ability to enhance cell migration. Thirdly, we showed that a IL-10 blocking antibody significantly inhibited ascites-induced cell migration. These finding however do not rule out the possible involvement of other factors from ascites in tumor cell migration. For example, fibronectin, lysophosphatidic acid (LPA), IL-6 and CCL2 have all been shown to enhance OC migration and these factors may be present at high level in ascites [46] [47] [48] [49] . Indeed, the fact that IL-10 blockade only partially abrogate ascites-mediated cell migration is in line with this possibiliy and raises the possibility that other factors in ascites can act through other signaling pathways to stimulate cell migration. Interestingly, IL-10 has been shown to activate CIP2A transcription in lung tumor cells [50] . CIP2A has been shown to have an oncogenic role in human malignancies, operating via inactivation of PP2A and stabilization of c-Myc protein. CIP2A is involved in the regulation of laryngeal carcinoma cell migration [51] . Therefore, it is conceivable that IL-10 signal, at least partly, through the CIP2A pathway to stimulate cell migration. Although serous OC ascites contain relatively high levels of IL-10 with a median of 46.6 pg/ml, the source of IL-10 found in ascites has not been precisely determined. Well-established sources of IL-10 included monocytes, macrophages and T cells. When activated, these cells secrete IL-10 [52] . These cells may be present in OC ascites [53] and therefore contribute to ascites IL-10. Ovarian carcinoma tissues produce and secrete IL-10, which most likely occurs through an autocrine loop [36, 50, 54] . OC cell lines, including CaOV3, can also secrete IL-10 [36] . The activation of peritoneal mesothelial cells with LPS or TNFα stimulate the expression and secretion of IL-10 [55] . Secretion of IL-10 in OC ascites may therefore originate from various cellular sources.
In summary, our data suggest that the kinetics and dynamics of cytokine response might be an important factor for tumor development. The presence of cytokines, such as IL-10, in the peritoneal cavity of OC patients could be important for the growth and development of cancer. IL-10 may have pleiotropic effects in the context of OC. For example, impaired IL-10 signaling limits the establishment of IP ovarian cancer implants in a mouse model, which is associated with increased activation of IP T cell populations and a greater proportion of effector memory cells in the peritoneal cavity, suggesting a role for IL-10 in tumor immune escape [56] . On the other hand, IL-10 directly acts on tumor cells to promote cell migration. Thus, IL-10 exerts both anti-tumor and pro-tumor function in the OC tumor environment. 
